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To compare the ability of high pulse repetition frequency 
and continuous wave Doppler echocardiography to de•
tect the peak velocity of a jet flow disturbance and to 
predict pressure gradients accurately, two groups of 
children with valvular or congenital heart disease were 
examined using both Doppler techniques. The use study 
group included 84 children or adolescents (aged 1 day 
to 19 years) who underwent examination in the echo•
cardiography laboratory with both Doppler techniques 
in a randomized sequence. The peak velocity recorded 
with high pulse repetition frequency Doppler echocardi•
ography was compared with the peak velocity recorded 
with the continuous wave technique. The accuracy study 
group included 41 children or adolescents (aged 1 day 
to 16 years) who underwent examination with both Dop•
pler techniques at the time of cardiac catheterization. 
Doppler pressure gradients were calculated from the 
peak velocity using the simplified Bernoulli equation and 
were compared with peak instantaneous gradients and 
peak to peak gradients measured at catheterization. 
In the use study, a high correlation was found be-
Recently, Doppler echocardiography has been used exten•
sively to quantitate the pressure drop across stenotic and 
regurgitant valves and across septal defects (1-11). For the 
calculation of the pressure gradient, a simplified Bernoulli 
equation is used, ~P = 4V2 , where ~P is the peak instan-
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tween peak velocities detected by high pulse repetition 
frequency and continuous wave Doppler echocardiog•
raphy (r = 0.94, SEE = 0.28 m/s). In the accuracy 
study, close correlations were found between measured 
peak to peak pressure gradients and pressure gradients 
calculated from continuous wave (r = 0.95, SEE = 7.9 
mm Hg) and high pulse repetition frequency Doppler 
echocardiography (r = 0.94, SEE = 8.7 mm Hg). Also, 
close correlations were found between measured peak 
instantaneous gradients and pressure gradients calcu•
lated from continuous wave (r = 0.96, SEE = 7.1 mm 
Hg) and high pulse repetition frequency Doppler echo•
cardiography (r = 0.95, SEE = 7.5 mm Hg). 
Thus, in children and adolescents, no difference was 
found in the ability of the two Doppler techniques to 
detect the peak velocity of a jet flow disturbance. Both 
Doppler techniques were equally accurate in their ability 
to predict pressure gradients measured at cardiac 
catheterization. 
(J Am Coil CardioI1986;7:873-9) 
taneous pressure gradient (mm Hg) across the obstructive 
orifice and V is the peak flow velocity (m/s) distal to the 
obstructive orifice (12). For severely stenotic valves and for 
most regurgitant lesions, the peak flow velocity is very high 
and two techniques have been developed to detect and dis•
play these high velocities clearly. These techniques include 
continuous wave Doppler echocardiography, in which Dop•
pler shifts are detected all along the Doppler beam, and high 
pulse repetition frequency Doppler echocardiography, in 
which Doppler shifts are detected from multiple sites or 
sample volumes because of the simultaneous transmission 
of more than one pulse within the patient (13,14). Practical 
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and theoretical advantages and disadvantages of each Dop•
pler technique exist. For example, in continuous wave Dop•
pler echocardiography, there is no limit to the magnitude 
of the Doppler shift that can be detected; on the other hand, 
there is no ability to sample flow velocity selectively from 
a known position within the heart. Most continuous wave 
Doppler systems use a static transducer and lack a two•
dimensional echocardiographic image for operator guid•
ance. In high pulse repetition frequency Doppler echocardi•
ography, the flow velocities recorded are from sampling 
sites whose positions are known, operator controlled, and 
usually displayed on a two-dimensional echocardiographic 
image. However, limitations in the maximal Doppler shifts 
that can be detected are still present with high pulse repe•
tition frequency Doppler systems because of pulsing, and 
ambiguity in the origin of the Doppler signals can occur 
because of multiple sample volumes (14). 
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The purposes of this study were: 1) to compare the ability 
of high pulse repetition frequency and continuous wave 
Doppler echocardiography to detect the peak velocity of a 
jet flow disturbance (the use study), and 2) to assess the 
accuracy of each of these Doppler techniques in the pre•
diction of the pressure gradient in children with valvular or 
congenital heart disease (the accuracy study). 
Methods 
Doppler equipment and examination. The Doppler 
examinations were performed at the University of Michigan 
in Ann Arbor and the University of Washington in Seattle, 
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Figure 1. A, High pulse repetition frequency 
Doppler (HPRF DOP) examination obtained from 
the suprasternal notch of an accuracy study pa•
tient with aortic stenosis (AS). To display the 
peak velocity (arrow) of the jet without aliasing, 
the baseline (B) has been shifted to the bottom 
of the graphic display and four sample volumes 
have been used. Each calibration line is 0.5 mls 
and the peak velocity of the jet is 3.9 mls. The 
predicted pressure gradient is 61 mm Hg. B, Con•
tinuous wave Doppler (CW DOP) examination 
obtained from the suprasternal notch of the same 
patient. The peak velocity of the jet is 3.8 mls 
which predicts a pressure gradient of 58 mm Hg. 
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and the data were pooled for analysis. For the high pulse 
repetition frequency Doppler examinations, an Advanced 
Technology Laboratories Mark 600 ultrasound system with 
a 2.25 MHz transducer (28 mm contact surface) was used. 
With the aid of the two-dimensional echocardiographic im•
age and the audio signal, the sample volume of the pulsed 
Doppler portion of the instrument was positioned in the 
region of jet flow. The position of the sample volume was 
then adjusted until the highest pitched audio signals and 
highest Doppler velocities were obtained. This usually re•
sulted in marked aliasing on the pulsed Doppler graphic 
display. After locating the depth and position of the peak 
jet velocity, the high pulse repetition frequency Doppler 
portion of the instrument was selected and one of the mul•
tiple sample volumes was positioned in the area of peak 
flow velocity. Additional sample volumes were added until 
aliasing did not occur. Again, small adjustments in sample 
volume position and beam angulation were made until the 
highest Doppler velocities were recorded (Fig. lA). With 
this technique, the intercept angle was assumed to be min•
imal and no angle correction was made. With the high pulse 
repetition frequency Doppler system, two to four sample 
volumes could be positioned along the Doppler beam so 
that velocities up to 6 mls could be displayed without ali•
asing (14). Sample volumes could be varied in axial length 
from 1.5 to 9 mm and wall filter settings could be increased 
up to 1,600 Hz so that the audio quality of the jet could be 
better appreciated. 
The continuous wave Doppler examinations were per•
formed with a Vingmed AIS Pedof instrument and a 2.0 
MHz transducer (15 mm diameter). The Doppler transducer 
was positioned on the chest and the ultrasound beam was 
aimed toward the obstructive orifice in the direction that the 
examiner believed to be as parallel to jet flow as possible. 
Using the same techniques as described for high pulse rep•
etition frequency Doppler echocardiography, minor adjust•
ments in the direction of the ultrasound beam were made 
until the highest pitched, most tonal signals were heard on 
the audio output of the instrument and the largest Doppler 
velocities were seen on the graphic display (Fig. 1B). With 
this technique, the intercept angle was assumed to be close 
to zero and no angle correction was made. The Pedof in•
strument was modified so that the returning Doppler signals 
were processed by the spectrum analyzer of the Advanced 
Technology Laboratories Mark 600 ultrasound system. 
Therefore, because of the limitations of the spectrum ana•
lyzer, maximal velocities of up to 6 rnIs could be displayed 
graphically during the continuous wave Doppler examina•
tions. Wall filter settings of 400 to 800 Hz were used to 
optimize detection of the peak velocity of the jet. 
Use study. The use study group included 84 children or 
adolescents who were referred to the echocardiography lab•
oratory for a Doppler examination as part of their clinical 
cardiac evaluation. The study group consisted of 43 girls 
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and 41 boys whose ages ranged from 1 day to 19 years 
(mean 8.6 years). Their weights ranged from 2.9 to 90 kg 
(mean 30.9) and their heights ranged from 48 to 185 cm 
(mean 121.8). This group contained 34 patients with aortic 
stenosis, 32 with pulmonary stenosis, 6 with subaortic ste•
nosis, 2 each with a pulmonary artery band, pulmonary 
insufficiency, mitral stenosis and tricuspid insufficiency and 
1 each with tricuspid stenosis, atrial septal defect, subpul•
monary stenosis and coarctation of the aorta. 
The use study patients underwent a complete M-mode 
and two-dimensional echocardiographic examination fol•
lowed by examinations with both continuous wave and high 
pulse repetition frequency Doppler echocardiography. The 
underlying diagnosis and results of the two-dimensional 
echocardiogram were known to the examiner; however, the 
clinical assessment of the severity of the defect was not 
known to the examiner. The sequence of the Doppler ex•
aminations was randomized and sedation was used when 
necessary. For each defect, several different echocardio•
graphic windows were used to obtain the best alignment 
between the Doppler ultrasound beam and the direction of 
jet flow. The highest peak velocity obtainable by each Dop•
pler technique was recorded. Doppler signals were recorded 
at a paper speed of 50 mrnls; the peak velocities reported 
are the average of three or more beats. Using linear regres•
sion analysis, the peak velocity detected during high pulse 
repetition frequency Doppler examination was compared 
with the peak velocity detected during continuous wave 
Doppler examination. 
Figure 2. Catheterization pressure recordings from the same pa•
tient as in Figure I. The method of calculating the peak instan•
taneous pressure gradient (PG) is illustrated diagrammatically by 
the vertical lines drawn between the left ventricular (LV) and 
aortic (AO) pressure tracings. The pressure gradient was 61 mm 
Hg and the peak to peak pressure gradient (pPG) was 57 mm Hg. 
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Accuracy study. The accuracy study group included 41 
children who underwent both continuous wave and high 
pulse repetition frequency Doppler examinations at the time 
of cardiac catheterization. This group included 21 girls and 
20 boys whose ages ranged from 1 day to 16 years (mean 
6.2 years). Their weights ranged from 3 to 69.5 kg (mean 
20.6) and their heights ranged from 55 to 178 cm (mean 
107). The group included 19 patients with pulmonary ste•
nosis, 6 with aortic stenosis, 4 with tricuspid insufficiency, 
4 with a normal pulmonary valve, 3 with coarctation of the 
aorta, 2 with subaortic stenosis and 1 each with mitral ste•
nosis, aortic insufficiency and a pulmonary artery band. 
For cardiac catheterization, patients were sedated with 
thiamylal sodium or morphine sulfate and Benadryl. Fluid•
filled catheters were used in all patients. In 21 patients, 
pressures proximal and distal to the anatomic lesion were 
recorded simultaneously using two catheters, whereas in 20 
patients pressures were recorded on either side of the ana•
tomic lesion using a single catheter withdrawn across the 
defect. In all patients, the peak to peak pressure gradient 
was calculated from the pressure recordings. In the 21 pa•
tients in whom simultaneous pressures were recorded on 
either side of the anatomic defect, the peak instantaneous 
gradient was calculated as illustrated diagrammatically in 
Figure 2. Using a hand-controlled pen and a microprocessor 
system, the pressure recordings were traced and the differ•
ence in millimeters of mercury between the two pressure 
tracings was calculated at 1 ms intervals. The largest of all 
of these instantaneous gradients represented the peak in•
stantaneous gradient or peak gradient. 
Doppler examinations were performed at the time of car•
diac catheterization in the sequence preferred by the ex•
aminer. Using the same examination techniques that were 
described for the use study, the peak velocity of the jet was 
recorded with continuous wave and high pulse repetition 
frequency Doppler echocardiography. The Doppler exam•
inations were performed without knowledge of the cardiac 
catheterization results. Using the simplified Bernoulli equa•
tion, pressure gradients were calculated from the peak ve•
locity recorded by each Doppler technique at the time of 
cardiac catheterization. Using linear regression analysis, the 
pressure gradients predicted by the two techniques were 
compared with peak gradients and peak to peak gradients 
measured at cardiac catheterization. 
Data collection and analysis. The two Doppler exam•
inations obtained from each patient were performed by the 
same examiner. Two investigators performed all Doppler 
examinations at the University of Michigan and two inves•
tigators performed all Doppler examinations at the Univer•
sity of Washington. Forty-six use study patients and 21 
accuracy study patients were examined at the University of 
Michigan; 38 use study patients and 20 accuracy study pa•
tients were examined at the University of Washington. Sim•
ilar examination techniques were used at both institutions. 
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When analyzed separately, the results obtained from studies 
at one institution were very similar to the results obtained 
from studies at the other institution. Therefore, the results 
reported below were obtained using the data of 125 patients 
pooled from both institutions. 
Results 
Use study. Technically adequate recordings of the peak 
velocity of the jet were obtained using both Doppler tech•
niques in 78 of the 84 patients. In three patients, examination 
with both Doppler techniques could not be obtained because 
of lack of patient cooperation. In two patients, the peak 
velocity of the jet could not be displayed unambiguously 
with high pulse repetition frequency Doppler echocardi•
ography; and in one patient, the peak velocity of the jet 
could not be clearly distinguished from background noise 
on the continuous wave Doppler instrument. In the 78 pa•
tients with complete Doppler examinations by both tech•
niques, a close correlation was found between the peak 
velocities recorded by each technique (Fig. 3) (r = 0.94; 
SEE = 0.28 mls). The highest peak velocity was recorded 
using continuous wave Doppler echocardiography in 31 pa•
tients and using high pulse repetition frequency Doppler 
echocardiography in 20 patients. The same peak velocity 
was recorded by both Doppler techniques in the remaining 
27 patients. 
Accuracy study. Complete examinations with both 
Doppler techniques were obtained in all 41 accuracy study 
patients. Close correlations were found between peak to 
Figure 3. GraphIC display of the correlation between the peak 
velocity recorded with high pulse repetition frequency (HPRF) 
Doppler echocardiography and the peak velocity recorded with 
continuous wave (CW) Doppler echocardiography in the 78 use 
study patients. The dotted lines are the 5 and 95% confidence 
limits of the data. 
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peak pressure gradients and pressure gradients calculated 
from continuous wave (Fig. 4A) and high pulse repetition 
frequency Doppler echocardiography (Fig. 4B) (r = 0.95 
and 0.94, respectively; SEE = 7.9 and 8.7 mm Hg, re•
spectively). Similarly, high correlations were found between 
peak gradients measured at the time of cardiac catheteriza•
tion and pressure gradients predicted from continuous wave 
(Fig. 5A) and high pulse repetition frequency (Fig. 5B) 
Dopplerechocardiography (r = 0.96 and 0.95, respectively; 
SEE = 7.1 and 7.5 mm Hg, respectively). 
Discussion 
Several clinical studies (3-11) have shown excellent cor•
relation between pressure gradients predicted from Doppler 
echocardiographic measurements of peak jet flow velocity 
and pressure gradients measured at the time of cardiac cath-
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Figure 4. Graphic display of the correlation between the peak to 
peak pressure gradient (PPG) measured at catheterization and the 
pressure gradient calculated from continuous wave (CW) (A) and 
high pulse repetition frequency (HPRF) (8) Doppler echocardi•
ography in the 41 accuracy study patients. The dotted lines are 
the 5 and 95% confidence limits of the data. 
eterization. Most investigators have utilized the technique 
of continuous wave Doppler echocardiography to measure 
peak velocity, and only a few investigators (14) have re-
Figure 5. Graphic display of the correlation between the peak 
instantaneous pressure gradient (PG) measured at catheterization 
and the pressure gradient calculated from continuous wave (CW) 
(A) and high pulse repetition frequency (HPRF) (8) Doppler echo•
cardiography in the 21 accuracy study patients. The dotted lines 
are the 5 and 95% confidence limits of the data. 
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ported utilizing high pulse repetitIOn frequency Doppler 
techniques to predict transvalvular pressure gradients. In 
this study, we compared the two techniques in children and 
found that I) there was no difference in their ability to detect 
the peak velocity of a jet flow disturbance, and 2) both 
techniques were equally accurate when the predicted pres•
sure gradients were compared with the gradients measured 
at the time of cardiac catheterization. In addition, exami•
nation failures, which were infrequent with either Doppler 
technique, occurred nearly equally with both Doppler tech•
niques. In the use study, the highest value for peak velocity 
was obtained using the continuous wave technique in 31 of 
the 78 patients, whereas this value was obtained in only 20 
patients using the high pulse repetition frequency technique. 
Although the highest value for peak velocity was obtained 
more frequently using the continuous wave technique, the 
actual measurements of the peak velocity obtained from the 
two Doppler techniques were nearly identical. 
Advantages of continuous wave Doppler echocardi•
ography. In the course of the study, we encountered lim•
itations and advantages in the use of each of the Doppler 
techniques. In some patients, the jet flow disturbance was 
located with more ease and speed using continuous wave 
Doppler echocardiography. Jet flow disturbances can be 
located fairly easily with continuous wave Doppler echo•
cardiography because sampling occurs all along the beam 
and over a wide area that represents the beam width. In•
terrogation of the heart with continuous wave Doppler echo•
cardiography has been described as being analogous to aim•
ing a flashlight beam at the heart (13). The large area of 
flow examined by the ultrasound beam in continuous wave 
Doppler echocardiography is an important advantage when 
the examiner is inexperienced in using the Doppler tech•
nique and when the patient has a single isolated flow dis•
turbance. In addition, the continuous wave examination was 
performed with a small, static transducer which, in some 
patients, was easier to position in the suprasternal notch or 
between the ribs. Because of its smaller diameter, the con•
tinuous wave Doppler transducer was also easier to angle 
and still maintain adequate patient contact. Finally, with the 
continuous wave technique there is theoretically no limit to 
the maximal velocity that can be detected clearly (13), whereas 
most high pulse repetition frequency Doppler instruments 
cannot detect and display velocities above 5 mls. This po•
tential advantage of the continuous wave technique did not 
exist in our study because of the technical manner in which 
the continuous wave Doppler signals were processed in the 
instrument that we used. 
Advantages of high pulse repetition frequency Dop•
pler echocardiography. The difficulties that we encoun•
tered in using continuous wave Doppler echocardiography 
were related to the lack of a two-dimensional echocardio•
graphic image for orientation and the lack of range resolution 
for precise localization of the origin of the flow signals (14). 
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On the other hand, these same factors are major advantages 
of the high pulse repetition frequency Doppler technique. 
The two-dimensional echocardiographic image is extremely 
useful for alignment of the Doppler beam and the jet flow, 
especially in patients with complex heart disease. For those 
beginning to use Doppler echocardiography, the availability 
of an anatomic display with which to reference the flow 
evaluation is an important advantage (4). In some patients 
with multiple lesions or series obstruction, the high pulse 
repetition frequency examination was easier to perform and 
interpret than the continuous wave examination because of 
the availability of range resolution. For example, difficulties 
arose in distinguishing the systolic jet of mitral insufficiency 
from that of aortic stenosis on the apical continuous wave 
Doppler examination in patients with both lesions. In young 
children with multiple lesions and small cardiac chambers, 
the wide and long continuous wave Doppler beam inter•
rogated most of the cardiac chamber; therefore, the origin 
of Doppler signals was not always apparent from knowledge 
of the direction in which the beam was angled. In these 
cases, high pulse repetition frequency Doppler echocardi•
ography provided exact information concerning the location 
and depth from which the Doppler signals originated. Sim•
ilarly, in patients with series obstructions such as combined 
valvular and branch pulmonary stenosis, the pressure drop 
across each area of stenosis could not be determined with 
the continuous wave technique, because flow signals are 
summated along the entire path of the beam. With high 
pulse repetition frequency Doppler echocardiography in these 
patients, flow velocity could be selectively sampled distal 
to each obstructive orifice and pressure gradients could be 
calculated at each level of obstruction. Because of the ex•
istence of multiple sample volumes in the high pulse rep•
etition frequency Doppler technique, complete range reso•
lution is not present and the possibility of detection of flow 
disturbances at more than one site exists (14). In this study, 
we did not encounter any child in whom spurious signals 
from one of the multiple sample volumes interfered with 
detection of peak velocity at the site being investigated. 
Although we have listed advantages and disadvantages 
of continuous wave and high pulse repetition frequency 
Doppler echocardiography, we did not attempt to address 
the question of which Doppler technique was easier to use. 
This is not a simple question to investigate in a scientific 
fashion, as factors such as the experience of the examiner 
with each Doppler technique and the way in which the 
technique is implemented by the manufacturer can have a 
profound influence on the ease of use. 
Factors affecting the correlations and variability of 
the data. In our study, Doppler-predicted pressure gra•
dients correlated extremely closely with pressure gradients 
measured at the time of cardiac catheterization. A few pre•
vious studies have reported correlation coefficients similar 
to those found in the present study; however, in most pre-
lACC Vol. 7. No.4 
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viously reported studies, the correlation coefficients were 
lower than those found in our study. Recently, Stewart et 
al. (15) compared the ability of the two Doppler techniques 
to detect high flow velocities in adult patients with valvular 
stenosis and regurgitation. These investigators found that, 
in more than 50% of cases, the high pulse repetition fre•
quency Doppler technique underestimated the peak velocity 
found with continuous wave Doppler echocardiography by 
more than 0.5 mls. Also, in adult patients with aortic ste•
nosis, the pressure gradient predicted by continuous wave 
Doppler echocardiography correlated closely with catheter•
ization data (r = 0.89); however, the pressure gradient 
predicted by high pulse repetition frequency Doppler echo•
cardiography had no significant relation to catheterization 
data (r = 0.49). There are several factors that account for 
the differences between these previously reported studies 
and the present study and for the close correlations and small 
amount of variability of the data in our study. First, most 
of our patients were infants and children, in whom detection 
and display of the peak velocity of the jet is easier than in 
adult patients. In adult patients with obesity and chronic 
lung disease, the Doppler signals are very attenuated and 
difficulties can arise in discerning the faint peak velocity 
signal on the graphic display. In pediatric patients. flow is 
usually sampled at shallow depths; therefore, aliasing is less 
of a problem on the pulsed Doppler examination. In chil•
dren, alignment of the Doppler beam parallel with the jet 
is often easier than in adults in whom valve calcification 
can lead to greater jet diversion (4). 
Second. our patients were studied with sedation when 
necessary, and Doppler recordings for predicting transval•
vular pressure gradients were made at the time of cardiac 
catheterization. This resulted in less variability in the phys•
iologic state of the patient between the time of the Doppler 
recording and the time of recording of the pressure gradient. 
Stevenson et al. (16) showed that in unsedated children, 
Doppler pressure gradients averaged 41.5% (3 to 275%) 
greater than those measured in the same child sedated at 
cardiac catheterization. 
Finally. the use of lower carrier frequency transducers 
with higher emitted power provided greater penetration with 
the Doppler ultrasound beam and higher amplitude of the 
returning Doppler peak velocity signal. This facilitated de•
tection of the peak velocity of the jet. Also, with a lower 
carrier frequency in pulsed Doppler echocardiography, lower 
frequency shifts occur for comparable velocities. This fa•
cilitates display of high velocity jets without aliasing. 
Conclusions. We found no difference in the ability of 
high pulse repetition frequency and continuous wave Dop•
pler techniques to detect the peak velocity of a jet flow 
disturbance and to predict transvalvular pressure gradients 
in children. In performing the Doppler examination, clinical 
situations occur in which each technique has an advantage 
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over the other. The ideal ultrasound system for evaluating 
patients with a wide variety of cardiac defects would contain 
capabilities for performing both high pulse repetition fre•
quency and continuous wave Doppler examinations. 
We thank Advanced Technology Laboratories for support of this project. 
We are grateful to Margaret Young for assistance in preparation of the 
manuscript. 
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